Abstract-A power supply for electrostatic discharge (ESD) test on solar arrays, which adopts a current regulative diode (CRD), was proposed. The CRD can cause the flow of a constant current in spite of the applied voltage and can also reduce the surge current due to a large internal capacitance in the power supplies. The performance of the CRD power supply was measured on short-circuit conditions and was also tested for ESD tests. The CRD circuit showed good performance and could cause the sustained arc as well as the secondary arc. It was confirmed that the CRD power supply was useful for ESD ground tests.
I. INTRODUCTION
T HE POWER level of the geosynchronous orbit (GEO) satellite has increased dramatically to nearly 10 kW or even higher since ten years. To manage the large amount of power efficiently, the satellite bus voltage has increased to 100 V. Nowadays, many commercial telecommunication satellites employ solar arrays that generate electricity at 100 V.
As the voltage of the solar array increases to 100 V, the problems of arcing during the substorm condition have been recognized as a serious hazard that sometimes threatens the stable supply of solar array power. In the GEO, when a satellite receives sunlight, its charging is dominated by photoelectrons. As long as the satellite surface is well illuminated under quiet condition, the photoelectrons keep the satellite potential within a few positive electron volts with respect to the plasma potential. An insulator surface such as a coverglass has a similar potential. When the satellite encounters the substorm, the current due to high-energy electrons increases and sometimes exceeds the current due to photoelectrons. Then, the potentials of the satellite body and the insulator surface can become negative. Due to the difference of the secondary electron emission coefficients, the insulator potential may drop slower than the satellite body. During such process, the coverglass potential can be more positive than that of the nearby conductor, e.g., the interconnector. This situation is called "inverted potential gradient." As the potential difference builds up between the coverglass and the interconnector, an arc may occur.
The inverted potential gradient is the nominal case in lowaltitude earth orbit (LEO), where an arc can occur once the potential difference reaches 100 or 200 V [1] . If as a single pulse, it is called a primary arc. The risk of one primary arc growing to a catastrophic arc that receives energy from the array itself has increased recently as the power level of solar array has increased. The TEMPO-2 satellite experienced permanent loss of a significant fraction of the solar array output power when a severe substorm hit the satellite in 1997. The failure was attributed to an arc on the solar array under the inverted potential gradient condition [2] . First, an arc occurred between adjacent array strings with different potentials and short-circuited the two strings. Then, the array output power of the two strings fed energy to the arc plasma. The arc current kept flowing, and the underlying Kapton insulation layer was thermally broken, leading to a short circuit between the array strings and the substrate. In this paper, this type of sustained arc is called as "sustained arc." All of the primary arcs, however, do not always cause the sustained arc. Fig. 1 shows the definition of an arc current. If the arc between electrodes finishes flowing with some duration, this arc is called as "secondary arc." A secondary arc has much larger energy than the primary arc. Therefore, the secondary arc may cause cell degradation. However, the sustained arc is most dangerous because it can destroy at least a string of solar arrays.
It is suggested that a sustained arc occurred on the ADEOS-II satellite, even though this satellite generated the electricity only at 60 V. In this case, the sustained arc might occur between power cables with cracks due to degradation caused by thermal cycle [3] .
In the ground tests, the values of voltage and current are set for each test sample. This voltage means the potential difference between adjacent cells, and this current means the current supplied by solar array strings. These values are different in each satellite. When an electrostatic discharge (ESD) occurs on the gap between strings with potential difference, the ESD produces plasma on the gap and can cause a secondary arc. The secondary arc means the arc that is continuing with some duration due to photovoltaic power. When the voltage and current are enough large to keep the arc continuing, the secondary arc can grow into a sustained arc. The values of voltage and current are important for the ground tests because these values can affect whether the secondary arc occurs or not. If these values are larger, the probability of a secondary arc becomes higher. Ground test methods have been developed so far [5] - [7] . We had used conventional power supplies for the ESD tests at first stage [8] , [9] . These power supplies have large internal capacitance and can supply a large amount of charge to the secondary arcs when the strings are short-circuited due to the ESD plasma. As a result, these power supplies feed a larger current than the limited value they carry and can offer the overestimated condition. Nowadays, we use the power supply with small internal capacitance. This power supply is called the solar array simulator (SAS) and is manufactured in order to simulate the electric characteristics of solar cells. SAS has a rapid response in its performance and small internal capacitance. However, it has weakness in voltage fluctuation from the outside and is also expensive.
In this paper, we proposed a power supply with current regulative diodes (CRDs) for ESD ground tests. We realized the constant-current power supply without active control.
II. CRD POWER SUPPLY
We used CRDs for the sustained arc test. The CRD power supply consists of many CRDs and a dc power supply. A CRD is a semiconductor that keeps the current constant. It is usually used for current regulation of a light emitting diode, and such constant currents are generally small. In this paper, we used CRDs (SEMITEC E561) that can flow a current of 5.6 mA with adequate applied voltage. The threshold voltage is 100 V. We connected about 180 CRDs in parallel to produce 1 A (Figs. 2 and 3 ). When we want to test another current, we change the number of CRDs connected in parallel. In the case of testing an applied voltage of more than 100 V on the CRDs, we connect the CRDs in series. The CRDs have some temperature dependences. The current becomes a little less than 1 A because the temperature of the CRDs increases due to Joule heating. When the applied voltage increases, the temperature of the CRDs increases because power is dissipated in the CRDs in order to keep the current constant. In these experiments, the current was about 0.8 A after the temperature of the CRDs became constant. If we want to use the CRDs at the maximum constant current, we set the applied voltage to about 10 V.
We can use any power supply as the dc power supply driving the CRDs in Fig. 2 . If we use the voltage adjustable power supply as the dc power supply, it is easy to set the constant current to the maximum constant current (about 5.6 mA per CRD) by means of setting the applied voltage to 10 V. In our experiments, we used not only a voltage adjustable power supply but also a cheaper switching dc power supply (SWPS). With this type of power supply, the output voltage is constant.
III. CHARACTERISTICS OF POWER SUPPLIES
The short-circuit characteristics of four power supplies were measured. The power supplies used for the short-circuit tests are listed in Table I . SAS and TM070 are constant-currentand-voltage power supplies. In this test, these power supplies were used as constant-current power supplies. The SWPS is a constant-voltage power supply. Three SWPSs were connected in series to produce more than 50 V (test condition). The 180 CRDs connected in parallel were used in the CRD circuits and were connected to the TM070 and SWPS. Fig. 4 shows a schematic diagram of the test circuit for measuring the short-circuit characteristics of the power supplies. This circuit consists of two power supplies, three diodes, a resistance, a variable resistance, and a short-circuit switch. We used a MOSFET instead of a mechanical switch to shortcircuit the test circuit so that the mechanical switch causes an unstable short circuit. First, for the measurements, we set the current limitation of the power supply to a suitable value. Next, we changed variable resistance R b in order to make a suitable potential difference in it. The CV power supply is set to a smaller value than the voltage biased by the CC power supply. When the switch is closed, the CC power supply feeds the current only to resistance R a so that the higher voltage is applied in R b by the CV power supply. For the short-circuit tests, we set the potential difference in R b and the current to 50 V and 1 A, respectively. The CRD circuits, however, supplied a current of 0.85 A due to the heating of the CRDs.
Figs. 5-8 show the waveforms of the short-circuit current and voltage of each power supply.
In the case of using SAS, the peak current was about 4.5 A in Fig. 5(a) . This peak current is within five times of the limited current. It took about 2 µs for the current to become constant. SAS supplied a larger amount of charge than the limited current by about 3 µC. The current of SAS was constant in long timescale, as shown in Fig. 5 .
In the case of using TM070 (Fig. 6 ), the peak current was about 8 A. It took more than 2 ms for it to become a limited current. This power supply fed a much larger amount of charge than the limited current by 3 mC and was naturally not suitable for the sustained arc tests. However, many dc power supplies have such large internal capacitance.
On the other hand, the CRD+TM070 showed good performance in the short-circuit current. As shown in Fig. 7 , the peak current was 2.5 A, which was only three times of the limited value. The duration for the constant current was within 1 µs despite the fructuation of the current. In long timescale, the current was constant in the order of milliseconds. The current decreases due to the heat of the CRDs after the voltage applied increases. However, it takes a few seconds to become a constant current. Hence, the current is kept constant in the order of milliseconds. From these results, we confirmed that the conventional power supplies, which had large internal capacitance, were available for the sustained arc test by means of an additional CRD circuit.
Furthermore, we used the cheaper power supply for driving the CRDs. The CRD+SWPS also showed good performance. As shown in Fig. 8 , the peak current was about 2.4 A, and the duration for the constant current was within 1 µs. The power supply fed a larger amount of charge than the limited current by only 0.4 µC. In long timescale, the power supply also supplied a constant current in the order of milliseconds. The SWPSs are generally sold as power supply adoptors and are generally cheap and strong. Fig. 9 shows the comparison of the current waveforms between CRD+SWPS and SAS. SAS fed a larger amount of charge (2.6 µC) than the CRD+SWPS. The duration of CRD+SWPS for the limited current was much shorter than that of SAS. SAS has enough performance for the ESD test; however, it is weak against external noise and is expensive. The CRD power supply is useful for ESD tests with more rigorous conditions in external capacitance.
IV. ESD TEST USING CRD POWER SUPPLY
We performed the ESD tests using the CRD+SWPS and SAS. Fig. 10 shows the test sample used in this experiment, which simulates the solar array. Two copper tapes are put on a Kapton tape. The Kapton tape and the copper tapes simulate the substrate and the cells of the solar array, respectively. The copper tapes are then covered with Kapton tapes. The Kapton tapes simulate the coverglass of the solar cells. The length of the gap between adjacent copper tapes was measured by a microscope after the sample was assembled and was found to be 0.17 mm. This length is much shorter than that of the real sample (0.5 mm in general) because we wanted to cause the secondary arc on the active gap.
The tests were performed in a vacuum chamber. The chamber was filled with xenon plasma by an electron cyclotron resonance plasma source [10] . The electron density was about 5 × 10 11 m −3 on the sample. Fig. 11 shows the circuit used for the ESD test. This circuit has been developed for the sustained arc test [5] and was basically the same as that in Fig. 4 , except that it was to be biased at negative voltage. The circuit was biased at −450 V by a power supply. An external capacitance C ext was connected in parallel to this power supply and was fed the amount of charge upon onset of the trigger arc. We used a 40-nF capacitance as C ext . The CRD+SWPS and SAS were each used as the CC power supply. The number of CRDs used was 225. The CRD+SWPS supplied 0.9 A at a potential difference of 50 V on VR. We set the limited current of SAS to 0.9 A.
The potential difference in the active gap was measured by a differential voltage probe. Two dc current probes were used for CP1 and CP2, and ac current probes were used for CP3. CP1 and CP2 can detect the secondary arc current. CP3 can detect the trigger arc current. These waveforms were recorded by two digital oscilloscopes with different timescales. Fig. 12 shows the waveforms of the secondary arc using SAS as the CC power supply. In this case, the peak current of the trigger arc was 1.2 A. We found from the waveforms of CP1 and CP2 that the secondary arc started just after the trigger arc started. CP2 included the trigger arc current with the secondary arc current. The beginning of the waveforms of CP1 and CP2 corresponds to the overshooting current due to the internal capacitance of SAS because the trigger arc current is much smaller than CP1 and CP2 in this time. After the trigger arc, CP1 and CP2 showed a constant current. However, this current showed some unstableness. As shown in long timescale, the secondary arc had continued for about 60 µs. This current was almost constant. The differential voltage was about 30 V in the secondary arc. The secondary arc waveform of the CRD+SWPS is shown in Fig. 13 . The peak current of the trigger arc was about 1.4 A, and the pulsewidth was about 4.5 µs. After the trigger arc, the current was kept at 0.9 A. The current waveform was very stable. The secondary arc lasted for about 50 µs. The differential voltage was around 30 V. The waveform of the CRD+SWPS was not different from that of SAS. SAS is widely used for the ESD test. From these results, we confirmed that the CRD circuit could be used for secondary arc tests.
In addition, we caused the sustained arc using the CRD+SWPS. The gap distance of the sample was 0.31 mm. The differential voltage on gaps was 64 V. The limited current was 1.9 A, and 360 CRDs were connected in series. The bias voltage was −650 V. Fig. 14 shows the waveform of the sustained arc. The secondary arc current was 1.9 A just after the trigger arc and lasted more than 45 ms. We could not measure the duration of the sustained arc; however, we can guess that the sustained arc lasted more than 5 s from the video image. Fig. 15 shows the sample after the sustained arc. After the sustained arc, the sample was destroyed at the gap where the arc occurred. We confirmed that the CRD circuit could cause the sustained arc and that the sustained arc could occur on this type of sample simulating the real solar cells.
V. SUMMARY
We proposed the CRD power supply as a power supply for the sustained arc test. The CRDs connected in parallel could keep the current constant even if the circuit was short-circuited. In the short-circuit test, the overshoot current of the CRD circuit was smaller than that of SAS, and the duration for the constant current was very short within 1 µs. This high performance was realized in spite of the kinds of power supplies driving the CRDs, even if such power supplies had large internal capacitance.
The CRD power supply was also used for the ESD test. The CRD power supply could cause the secondary arc in the active gap of the sample. The waveform of the CRD power supply was not different from that of SAS. Furthermore, the CRD power supply could cause the sustained arc, using the sample simulating the solar cells. We confirmed that the CRD power supply was useful for the sustained arc tests.
